Large volumes of ash from combustion of municipal solid waste are produced and most of it is landfilled. As this type of ash contains significant amounts of metal compounds the landfilling strategy is not optimal when considered from a resource conservation perspective. A better situation would be created if metals were recovered from the ash. In the present study leaching and solvent extraction was applied for release and separation of copper from municipal solid waste combustion fly ashes. The results showed promising results with Cu yields of 50-95%. The yield was heavily dependent on the efficiency of the initial leaching of Cu from the ash.
Introduction
Large volumes of municipal solid waste (MSW) are combusted for energy recovery. About 50 million tonnes of MSW is incinerated in EU-27, annually (Kloek and Blumenthal, 2009 ). This generates approximately 1 million tonnes of fly ash each year, assuming that 2% of the incinerated amount results in fly ash. As fly ash from MSW combustion generally is enriched in toxic and often soluble metal compounds, costly landfilling in sites that specialize in hazardous waste is required (Eur-Lex, 1999 , 2002 Wiles, 1996) . This disposal method is often combined with stabilization/solidification of the fly ash by addition of precipitating agents, i.e. chemical transformation of the metal compounds to other compounds with low solubility (Bontempi et al., 2010; Galiano et al., 2011; Sun et al., 2010; Youcai et al., 2002) . Thus, the metals are withdrawn from the material cycles in society which, in principle, means a loss of economic value.
There are several methods for removing metal compounds from fly ash. One approach is high-temperature treatment of the fly ash in order to evaporate the metals as elements or as chlorides or fluorides. Laboratory experiments show that heating of pellets made of a fly ash-CaCl 2 mixture to about 1000 °C results in high removal of Cd, Cu, Pb and Zn (95, 60, 97 and 80%, respectively) (Nowak et al., 2010) . Another example of thermal treatment is the reduction of metal oxides into metals, which are adsorbed on activated carbon and thereby separated from the fly ash (Abe et al. 2001) . This method has been reported to remove about 60% of the Cu present in the fly ash, whereas the removal yield was only around 20% for Zn and Pb. However, a disadvantage of thermal treatment is the high electricity consumption (0.5-4 MWh per tonne fly ash), which makes the process costly (Wikman et al., 2003) .
Chlorides can also be used as leaching agents as in the CIP (carrier-in-pulp) method (Alorro et al., 2008 (Alorro et al., , 2009 ). To leach metals from molten fly ash using the CIP method, for example, NaCl (aq) is used as the leaching agent and activated carbon or iron powder as the carrier, onto which the metal ions in the leachate are adsorbed. Thereafter the carrier with the adsorbed metal ions is separated from the leachate using filtration or magnetic separation. The contents of Pb, Zn, Cu and Cd in molten fly ash were decreased by 40, 57, 90 and 54%, respectively, using this method (Alorro et al., 2008 (Alorro et al., , 2009 .
The most common approaches to remove metals from fly ash are based on a dissolution step, such as leaching with acidic aqueous solution. Usually the dissolved metals are subsequently precipitated as insoluble sulfides or phosphates and the formed sludge is added to the washed fly ash and landfilled. Selective leaching methods have also been developed, often based on the use of aqueous solutions of complex forming ligands, such as EDTA and citric acid (Hong et al., 2000; Karlfeldt Fedje et al., 2010; Youcai et al., 2002) . An alternative method to reduce the metal content in fly ash is electrodialytic remediation in aqueous phase, in which metal ions are forced to migrate in an electric field and are collected at electrodes. Removal of Zn (66%), Cd (78%), Cu (34%) and Pb (26%) from MSWI fly ash has been reported. Sequential extraction experiments showed that the presence of those metals in the readily soluble fraction was about 60% lower in the treated fly ash than in the untreated fly ash (Ferreira et al., 2008) .
Enhanced leaching of fly ash using strong acidic solutions has been used to acquire information about the maximum possible release of toxic metals in a long time perspective (Ariese et al., 2001; Karlfeldt Fedje et al., 2010; Liu et al., 2005; van der Sloot et al., 2001; van Herck et al., 2000) . This results in metal-rich leachates, from which the metals could be recovered. An acid leaching offers several advantages compared to the normal treatment method of fly ash, i.e. landfilling. With a well designed leaching process, the fly ash residue would be made more stable towards further leaching since the soluble compounds have been removed. The goal would be to get a fly ash which is stable enough to be defined as non-hazardous waste and thus the amount of waste going to advanced land fill sites can be decreased. Alternatively the fly ash could be further treated and prepared for utilization, for example, as filling material. In addition, metal recovery would reduce the need for mining, and the impact on the environment associated with mining. The recovered metals could be re-entered in the industrial material flows on a national level, which would decrease the dependence on import. The interest for recovery of metals from MSWI fly ash has up till recently been low, but as both the prices for metals and for land filling of waste have increased it is now discussed seriously (InfoMine Inc., 2011; Rylander and Wiqvist, 2009) . One example is the Zn recovery process used at full scale in a combustion plant in Switzerland (Ledergerber, 2008; Schlumberger et al., 2007) . The Zn is recovered from an acidic leachate by solvent extraction followed by electrolysis and about 80% of the Zn in the MSW filter ash can be obtained in usable form in this process. Another example is the older 3R process, which also aims to recover metals from fly ash (Vehlow et al., 1990 (Vehlow et al., , 2007 . Full scale tests showed that 90% of the Cd, 65% of the Zn and 20% of the Pb and Cu were leached from the fly ash using an acidic flue gas cleaning solution but unfortunately no figures about the recovery potential are given.
Selective separation using solvent extraction is commonly used in the hydrometallurgic industry for refining of metals from aqueous solutions containing mixtures of metal ions. In the extraction process an organic ligand molecule designed to selectively form soluble complexes with the ions of the target metal is used. The ligand is dissolved in an organic solvent which is mixed with the metal-containing aqueous phase whereby the target metal ions are bound to the ligand and transferred to the organic phase. As refining processes like this are in common use, several ligands have been developed, for example for extraction of Cu, and are commercially available (Cognis Group, 2007; Soderstrom, 2006) . About 15% of the global Cu flow is supplied using solvent extraction followed by electro-winning (International Copper Study Group, 2010) .
The aim of the study presented here was to investigate the feasibility of a combination of leaching and solvent extraction for the recovery of Cu from MSWI fly ash. The results obtained in a recent study of MSW fly ash showed that leaching using 3 mol L −1 HNO 3 , 3 mol L −1 HCl, 1.5 mol L −1 H 2 SO 4 or 3 mol L −1 NH 4 NO 3 more or less completely released the Cu present in the fly ash (Karlfeldt Fedje et al., 2010) . In the acid leaching experiments a significant fraction of other metals, such as Zn, Pb and Mn, was leached as well. In the ammonium nitrate leaching the release of other trace metals, such as Pb and Zn, was significantly lower than that of Cu, pointing at a possible process for selective Cu recovery. However, all leachates contained calcium, magnesium and other ions of soluble salts making a process for selective separation of Cu necessary irrespective of the leaching media used.
There is no general best choice of extraction reagent or number of extraction and stripping steps; the choices must be based on the demands on such factors as product purity and concentration differences between the target metal and other metals in the leachate in each specific situation. Thus, the optimal recovery process must be investigated and developed in each unique case (Jenkins et al., 2002; Rydberg et al., 2004) . The chosen extractants and their relative properties are presented in Table 1 .
The reagents discussed above are used to separate Cu from other metals present when leaching copper ores. Such leachates often contain mainly Cu and few other metals. This is, however, not the case in MSWI fly ash leachates. In addition, the concentration of Cu 2+ in fly ash leachates is often lower than that of other metals such as Al 3+ , Ca 2+ or Fe 3+ . Therefore, a suggested extraction process must be experimentally evaluated to make it possible to choose a suitable ligand for this specific application. The use of solvent extraction to separate Cu from MSWI fly ash leachates has, to the authors' knowledge not been studied earlier, thus prompting this investigation.
Materials and methods

Materials
Five fly ash samples from boilers fired with MSW and minor additions of industrial waste were included in this investigation. Ashes 1, 2 and 3 were produced in bubbling fluidized bed boilers (BFB) and ashes 4 and 5 came from mass burn combustors (MBC). The fly ashes were collected in textile filters (ashes 1, 2, 3 and 4) or electric precipitator units (ash 5). In all cases, except for ash 5, lime in the form of CaO (ash 2), CaCO 3 (ash 4) or Ca(OH) 2 (ashes 2 and 3) was added to the flue gas channel before the filter. The element concentrations in the fly ash samples are given in Table 2 . As a comparison, the Cu content in the ore mined at Aitik, Sweden is about 2500 mg kg −1 (Boliden Ab 2011).
Analytical methods
The fly ash samples were totally dissolved using either a mixture of HNO 3 , HCl and HF in closed Teflon vessels, which were heated in a micro-wave oven (As, Cd, Co, Cu, Hg, Ni, Pb, S and Zn) or through melting with lithium tetra borate followed by dissolution in diluted HNO 3 (Al, Ca, Fe, K, Mg, Na, P, S, Si, Ti, Ba, Cr, Mn, Mo, Sb, Se, Sn, Sr and V). The total concentrations in the corresponding solutions were measured using inductively coupled plasma mass spectrometry (ICP-MS) or inductively coupled plasma atomic emission spectrometry (ICP-AES). Chlorine was analysed according to SS 187185 using ion chromatography (IC). The fly ash leachates and the water-based and organic extraction phases were analysed using ICP-MS, ICP-AES and atomic absorption spectrometry (AAS).
Solvent extraction method and choice of ligands
Four ligand groups (aldoxime, ketoxime, β-ketone and phosphinic acid) designed for Cu extraction were used in the experimental work. The first three reagents are all acidic chelating ligands releasing H + according to Equation (1), whereas the fourth reacts according to Equation (2), i.e. releasing 2 H + per Cu 2+ -complex unit.
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because this gives a metal solution suitable for electrolysis (Cognis Group, 2007; Davenport, 2001; Owais, 2009 where D m1 and D m2 are the distribution factors for the respective metals.
The commercial Cu reagents LIX 54-100 (β-diketone), LIX 84 (2-hydroxy-5-nonylacetophenoneoxime with a small amount of 5-dodecyl-salicylaldoxime), LIX 860N-I (5-nonylsalicylaldoxime) and Cyanex 272 (bis (2,4,4-trimethyl pentyl) phosphinic acid) diluted with Solvent 70 (kerosene) to various concentrations were used for the extraction.
Experiment series 1: extraction of Cu from a model solution containing Ca, Cu and Zn
Based on earlier results (Karlfeldt Fedje et al., 2010) a model solution containing Ca(NO 3 ) 2 (10 mmol L −1 ), Cu(NO 3 ) 2 (2 mmol L −1 ) and Zn(NO 3 ) 2 (1 mmol L −1 ) in 3 mol L −1 NH 4 NO 3 was used as starting aqueous phase in laboratory extraction experiments with LIX 54-100, LIX 84, LIX 860N-I and Cyanex 272 dissolved in Solvent 70 to a concentration of 40 w/w%. The extractions were done manually using separating funnels. Extraction and separation times used were 5 min, a choice based on information from the manufacturers that equilibrium is reached within 30 s to 5 min (Bontempi et al., 2010 , Galiano et al., 2011 , Nowak et al., 2010 , Vehlow et al.,1990 . The volume ratio of organic phase to aqueous phase (o/a) was 1 in all experiments. Before extraction, the pH of the water phases was adjusted to 8 and 2.2 for the LIX reagents and to 8 and 3.6 for the Cyanex 272. The higher pH value was chosen to study the extraction at the pH reached after leaching with NH 4 NO 3 (pH = 9 ± 1), whereas the lower ones were chosen to study the extraction in an acidic environment at optimal pH for the different organic reagents.
Experiment series 2: extraction of Cu from a NH 4 NO 3 leachate of ash 3
Based on the results obtained in experiment series 1 the ligands LIX 84 and LIX 860N-I were chosen for further work. In experiment series 2 ammonium nitrate leachates from fly ash 3 were extracted at an initial pH of 2.2 with LIX 84 and LIX 860N-I (concentrations 17 and 22 w/w% in Solvent 70). Additional extraction experiments were carried out at an initial pH of 1.8 with 17 w/w% LIX 860 N-I to study whether a minor variation in the initial pH influenced the extraction selectivity. The extractions were carried out as described under experiment 1.
Stripping of the organic phases from the extraction using 17 w/w % LIX 860 N-I was carried out using 2 mol L −1 H 2 SO 4 to transfer copper to a water phase. The stripping and separation times used were 5 minutes and the o/a in the stripping step was 1. For details concerning the ammonium nitrate leaching experiments see Karlfeldt Fedje et al. (2010) .
Experiment series 3: extraction of Cu from leachates obtained by leaching five MSW fly ash samples from different combustors with NH 4 NO 3 (3mol L −1 solution) and HNO 3 (at pH = 2.2), respectively, at L/S5
The leaching step was carried out using a 3 mol L −1 solution of NH 4 NO 3 or a solution of HNO 3 giving pH 2.2 in the fly ash leachate. In order to obtain the optimum pH for LIX860N-I extraction in both cases the pH was adjusted to 2.2. The extraction of Cu 2+ was done using 17 w/w % LIX 860 N-I and a volume ratio o/a = 1. The stripping was carried out using 2 mol L −1 H 2 SO 4 . Stripping and separation times used were 5 min and the o/a in the stripping step was 1.
Results and discussion
Experiment series 1: preliminary tests of extraction ligands
In the extraction experiments carried out with the model solution of Ca 2+ , Zn 2+ and Cu 2+ in ammonium nitrate Cu 2+ was effectively extracted with all reagents at the higher pH-level (initial pH 8). Calcium was not extracted except in the high pH experiment with Cyanex 272 (25%), whereas Zn 2+ was more or less extracted in all experiments at high pH. Thus, pH 8 is not suitable for selective Cu 2+ extraction.
At the lower pH (initial pH 2.2) 100% of Cu 2+ was extracted using the ligands LIX 84 and LIX 860N-I, whereas the ligands LIX 54-100 and Cyanex 272 transferred 70 and 40% respectively. This is probably due to the lower stability of metal complexes formed with LIX 54-100 and Cyanex 272 in comparison with the complexes formed with LIX 84 and 860N-I at this pH. Zinc was neither extracted by LIX 84 nor by LIX 860N-I, whereas it was transferred by both LIX 54-100 (10% of the Zn 2+ ) and Cyanex 272 (82% of the Zn 2+ ).
Thus, the best results for extraction of Cu 2+ and for separation of Cu 2+ from Ca 2+ and Zn 2+ were obtained using LIX 84 or LIX 860N-I with a start pH of 2.2. D-values of 100-170 and SF Cu 2+ / Zn 2+ in the same range were obtained. Consequently, the subsequent experimental work on real fly ash leachates focused on those ligands and experimental settings.
Experiment series 2: real fly ash leachates from ash 3 using NH 4 NO 3 leaching
Based on the results from experiment series 1 the extraction ligands LIX 84 and LIX 860N-I were used for separation of Cu 2+ from other ions in the real ammonium nitrate leachate from ash 3 (composition shown in Table 4 ). Based on published data ligand concentrations of 17 and 22 w/w% were used (Kumar et al.. 1997; Reddy et al., 2007) As both reagent concentrations gave similar extraction results, only the results for the lower reagent concentration are shown here (Figure 1) .
Both reagents extracted Cu 2+ from the fly ash leachate with a starting pH of 2.2 and an equilibrium pH of 0.7, but LIX 860N-I gave a D value of 250 compared to 15 for LIX 84. Extraction experiments using both LIX 860N-I and 84, were also carried out at initial pH 1.8 to study the effect of a minor decrease in starting pH. These results were similar to those obtained at initial pH 2.2, indicating that the suggested copper extraction procedure was not very sensitive to small variations in starting pH. Generally, aldoximes, such as LIX 860N-I, form stable complexes with Cu 2+ at pH values below 1, whereas the ketoximes (the major component in LIX 84) have been reported to be less effective at pH lower than 1.6 (Cognis Group, 2007; Kordosky, 2000) . Due to the higher D-value and selectivity for Cu 2+ of LIX 860N-I at pH below 1, this ligand was chosen for the final experiments, i.e. stripping.
The stripping resulted in 90% (pH initial = 1.8) and 95% (pH initial = 2.2) recovery, calculated on the originally leached Cu and 100% yield in the extraction. The yields may be improved by applying several stripping steps or using a stronger sulfuric acid solution (Rydberg et al., 2004) .
Experiment series 3: leachates from five ashes using NH 4 NO 3 or HNO 3 leaching
The proposed Cu recovery method based on the experiments in series 1 and 2 included a leaching step using 3 mol L −1 NH 4 NO 3 followed by extraction using 17 w/w% LIX 860N-I and stripping using 2 mol L −1 H 2 SO 4 . To evaluate this extraction method five fly ash samples from different combustion units (including ash 3) were used. From earlier investigations it is known that acid leaching releases large fractions of Cu and other metals from MSWI fly ash (Karlfeldt Fedje et al., 2010) . Therefore, extraction experiments were also carried out on fly ash leachates obtained by HNO 3 leaching (Table 3) .
The extraction of Cu 2+ from ammonium nitrate leachates was satisfying for all experiments with distribution factors between 240 and 1200 ( Figure 2 and Table 3 ). The number of significant figures has been adjusted to indicate the accuracy in the data. No other metal ions except a small amount (1 mmol kg −1 ) of Ca 2+ from fly ash leachate 1 were detected in the organic phases.
As shown in Table 3 acid leaching (HNO 3 ) gave a general release of many ash elements. Even so the extraction of Cu 2+ from these leachates using LIX 860N-I with initial pH 2.2 was feasible with D values between 150 and 450 ( Figure 3) . The separation of Cu 2+ from other ions was good in all experiments. Only negligible amounts of other ions were transferred to the organic Table 3 . Percentages of selected elements released from the fly ash samples using HNO 3 (p Hinitial = 2.2) or 3 mol L −1 NH 4 NO 3 (pH initial = 9 ± 1) at L/S = 5 for 24 h. All results are given as percentage released of total amount in the dry ash. phases. Some tests without pH adjustment before extraction were also done ( Table 4 ). The fact that similar fractions of Cu were extracted in these experiments as in experiment with start pH set to 2.2 indicates that pH adjustment before extraction may not be critical.
The sulfuric acid stripping process transferred about 90% of the extracted Cu in all organic phases. The final stripping solution can be used for electrolysis to produce a high purity Cu metal if no interfering metal ions are present. Therefore the stripping solutions were qualitatively analysed for metal ions using ICP-MS screening. Only trace amounts (< 10 −6 mmol L −1 ; < 1 mg L −1 ) of Zn 2+ and Pb 2+ (only in the cases when acid leaching was applied) was found in the final solutions. A flow sheet of the proposed recovery method is given in Figure 4 .
A summary of the Cu recoveries obtained for both procedures are given in Table 5 . The Cu yield in extraction was about 90% or higher for both ammonium nitrate and acid leachates. A theoretical calculation for a counter current extraction process based on the lowest measured D-values showed that introduction of a second extraction step would increase the extraction to close to 100% of Cu 2+ . However, even though an increased number of extraction and stripping steps may give a better separation of Cu from other metals, still the initial leaching step determines the recovery yield at large as also shown in Table 5 . The reason for the differences in Cu leaching between the fly ash samples is being investigated and the results will be published elsewhere.
Conclusions
A recovery process for Cu 2+ from MSWI fly ash including leaching by NH 4 NO 3 or HNO 3 followed by solvent extraction, has been studied in laboratory scale.
Four types of Cu 2+ extraction ligands, i.e. aldoxime (LIX 860N-I), ketoxime (LIX 84), ß-ketone (LIX 54-100) and phosphinic acid (Cyanex 272), were evaluated and the best result was achieved using the LIX 860N-I reagent. About 90% or more of the Cu ions in both kinds of leachates could be selectively transferred to the final stripping solution, from which electrolysis of pure Cu metal can be done. The presence of other metal ions in the final solution was negligible.
The results from this project indicate that the proposed extraction procedure is fairly independent of the initial concentrations of various metal ions in the fly ash leachates. The results also suggest that the method can be applied to fly ashes from different combustor types and that the limiting step is the release of Cu from the fly ash in the initial leaching. More work needs to be done on optimization of process parameters and scaling up of the proposed process that probably includes a process design with more than one extraction step. However, the purpose of the present study was to investigate the possibilities for selective recovery of Cu from various MSW fly ash leachates, and the results are so far promising. supplied by Cytec Industries Inc. which is hereby gratefully acknowledged. 
